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E-mail address: trevor.rapson@csiro.au (T.D. RapsoNitrous oxide (N2O) is estimated to contribute about 6% of the global warming effect due to greenhouse
gases. N2O is also predicted to be the single most important ozone-depleting emission in the twenty-ﬁrst
century. Great progress has been made in N2O measurement, but there is a critical need for sensors that
can be used to map the spatial variation of N2O emissions over a wide area. In this article, we outline
where N2O measurement is required, describe advances that have been made in developing sensitive
analytical techniques and review some promising new technologies. Our aim is to assist both those
new to N2O measurement, enabling them to select the most appropriate of the available technology,
and to inform those developing new analytical techniques.
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Fig. 2. Microbial pathways of N2O production. (a) N2O production through
nitriﬁcation via hydroxylamine. (b) N2O production through nitriﬁer denitriﬁcation.
Figure modiﬁed from [19].
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Nitrous oxide (N2O) is a powerful greenhouse gas. The global
warming potential (GWP) of N2O is 298 times greater than CO2
over a 100-year time horizon, and N2O is estimated to contribute
about 6% of the global warming effect due to greenhouse gases
[1,2] In the stratosphere, N2O is oxidized to form NO and NO2.
These nitrogen oxides catalyze the destruction of ozone [3], mak-
ing N2O the single most important ozone-depleting emission in
the twenty-ﬁrst century [4].
N2O is an intermediate in both bacterial nitriﬁcation and deni-
triﬁcation pathways, so N2O emissions are mainly due to bacterial
transformations of nitrogen in soils and oceans (see Figs. 1 and 2).
Since the industrial revolution (1750 AD), N2O levels have in-
creased by almost 20%, from 270 ppb to 320 ppb. This increase is
attributed to human activities, in particular, the use of synthetic
and organic fertilizers. Other important sources of N2O emissions
are human sewage and the burning of biomass and biofuels [5–7].
Under the Kyoto Protocol, signatory countries are required to
complete an annual national greenhouse-gas inventory, which,
for completeness, should include N2O. Calculating N2O emissions
is a complicated task. In addition to N2O emissions from agricul-
ture, there are indirect emissions, such as those caused by leaching
of nitrogen from agricultural ﬁelds to aquatic systems, which in-
crease N2O emissions from rivers and estuaries [8,9]. Furthermore,
natural systems can act as important sources and sinks of N2O [10].
The Intergovernmental Panel on Climate Change (IPCC) has set out
guidelines for developing national greenhouse-gas inventories
[11], whereby N2O emissions are determined frommodels that link
emissions to activities, such as fertilizer use. Underlying the mod-
els are emission factors, which are determined from experimental
data. The accuracy of the models depends on the quality of the
experimental data on which they are based [10,12].
Measuring N2O emissions experimentally is not a trivial matter.
Two main challenges are encountered when trying to measure N2O
emissions:
 ﬁrst, the low atmospheric concentrations of N2O (320 ppb),
roughly a thousand times lower than CO2, and these low con-
centrations are outside the detection range of many analytical
techniques; and,
 second, N2O ﬂuxes are episodic and demonstrate very large
temporal and spatial variations, due to the multiple processes
that both produce and consume N2O. The rates of theseFig. 1. Global sources of N2O for the 1990s. Dprocesses are affected by a wide range of factors, such as tem-
perature, soil pH, moisture and soil organic carbon. While cap-
turing ﬂux events is challenging, it is critical to allow for
accurate quantiﬁcation of ecosystem-wide emissions [13,14].
A large amount of research is being carried out on N2O ﬂuxes
from soils, wastewater and aquatic systems. This research aims
not only to improve greenhouse-gas accounting, but also to under-
stand the complex processes contributing to N2O ﬂuxes, which
could be used to inform mitigation strategies.
Not only has the quantity of N2O emissions been measured, but
isotopic studies have also been performed, and have provided
important information about the biogeochemical cycle of N2O
[15–19]. Although 14N14N16O is the most abundant species (99%),
both the ratio of 15N/14N and the position of 15N (either
15N14N16O or 14N15N16O) provide useful information [20–23]. Pho-
tolytic decomposition of N2–O in the stratosphere, the major sink
of N2O, leads to enrichment of the heavier isotopes of N2O (both
15N and 18O) [24,25]. Microbial sources generally emit N2O that
is depleted in 15N and 18O, while site preference (15N14N16O or
14N15N16O) can indicated whether N2O is produced by nitrifying
or denitrifying bacteria (see Fig. 2) [20,22,26].
To assist these studies, there is a strong need for better analyt-
ical methods and cost-effective ways of measuring N2O over wide
areas and long time-frames. The World Meteorological Organiza-
tion Global Atmosphere Watch (WMO-GAW) guidelines for the
measurement of N2O recommend accuracy and precision of lessata for the graph was obtained from [5].
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ment of new methods for measuring N2O. In addition to these
accuracy requirements, the ideal N2O sensor would be cheap and
easily deployable to allow for a large number of measurements
to be taken over extensive areas [13,28].
Besides the interest in N2O as a greenhouse gas, there is also a
need to monitor N2O levels in medical, dental and veterinary envi-
ronments, where N2O is routinely used as an anesthetic. Long-term
occupational exposure to high concentrations (>112.5 ppm) of N2O
has been linked to DNA damage, suppression of immune defenses,
reproductive abnormalities and reduced fertility [29]. In work
environments, where employees are exposed to N2O, levels should
ideally be monitored in real time thereby preventing overexposure.
The National Institute of Occupational Safety and Health (NIOSH)
recommends an exposure limit of 25 ppm as a time-weighted aver-
age (TWA) during the period of anesthetic administration to ensure
occupational safety [30,31].
As we have outlined, it is important to improve N2O measure-
ment. Whilst there have been a number of reviews of N2O emis-
sions [13,28,32], there is no current review speciﬁcally of the
analytical methods used to measure N2O, which would be valuable
to both researchers interested in measuring N2O and those in-
volved in developing new analytical techniques. Here, we review
the N2O measurement techniques that are currently used and de-
scribe some new approaches that were recently reported in the lit-
erature. Our aim is to establish a starting point for further
investigation in techniques of interest.2. Methods for measuring nitrous oxide
2.1. Sampling methods
To assist in understanding the analytical techniques used to
measure N2O, we brieﬂy describe some of the various sampling
methods available. For a comprehensive overview of sampling
methods, the reader is referred to the review by Denmead [28].
2.1.1. Chamber methods
Chambers are the most common approach to measuring gas
ﬂuxes from the soil surface, enabling the accumulation of gases
of interest in a known volume. The size of the chamber can vary
greatly, from less than 1 m3 to greater than 150 m3. The chamber
is placed over the soil surface and closed for a period of time,
during which, samples are collected and analyzed to determine
the change in concentration of N2O [33]. The advantage of cham-
bers is that they are easily deployed and do not require the use
of extremely accurate or rapid analytical techniques [28,34].
Bothmanual chambers (where the chamber is closed and opened
by an operator) and automated chambers (where the chambers are
opened and closed through a pneumatic system) have been used.
Manual chambers are highly labor intensive, limiting the number
of readings that can be collected but, because they are cheap, more
spatial locations can be sampled [35,36]. The use of automatic
chambers allows many more readings over a longer study period,
but their operating requirements and their cost mean that this
method is suited to small areas only (<25 m2) [37]. It is important
to bear in mind that the use of chambers causes soil disturbance
and disrupts the soil microclimate, so chambers should be deployed
only brieﬂy. The time forwhich chambers need to be closed is deter-
mined by the limit of detection (LOD) and the precision of the tech-
nique used to measure N2O concentration [28,34,37].
2.1.2. Micrometeorological methods
Micrometeorological techniques have been utilized to measure
gas ﬂuxes over a large area (1–10 km2) [13]. In these techniques,gas sensors are placed on towers that measure wind, temperature
and gas concentrations at one or more points above the soil or veg-
etation surface [28,38].
2.1.2.1. Eddy covariance. Eddy covariance is the most direct method
for measuring a ﬂux over a surface [35]. In eddy covariance, the
aim is to make direct measurements of the rate of vertical transport
of the gas of interest. The instantaneous vertical ﬂux density at a
point in the atmosphere is the product of the vertical wind speed
(measured with a 3D anemometer) and gas concentration at the
same point (determinedwith a gas analyzer) [34]. The instantaneous
ﬂuxes are averaged over sampling periods, generally between15min
and 1 h to include all the effective transporting eddy sizes [39].
Eddy covariance is the preferred micrometeorological method,
as it provides a direct measurement of vertical ﬂux that is indepen-
dent of atmospheric stability and does not require some of the
simplifying assumptions made in other micrometeorological tech-
niques [28].
However, eddy covariance requires fast-response instrumenta-
tion operating at frequencies of 10 Hz or higher. The need for fast,
sensitive gas analyzers is a limiting factor in the use of eddy-
covariance measurements [28,40,41].
2.1.2.2. Eddy accumulation. Eddy accumulation is a conditional
sampling technique, whereby air associated with updrafts and
downdrafts is collected into two separate containers at a rate pro-
portional to the vertical wind speed [40,42]. Eddy-accumulation
techniques utilize a fast-response solenoid valve, allowing air to
be sampled, thereby eliminating the need for a gas analyzer with
a fast response [28]. A variant of eddy accumulation is relaxed eddy
accumulation, whereby air is sampled at a constant rate and di-
verted into different bins depending on the wind direction (either
up or down) [28].
2.1.2.3. Flux-gradient methods. In this approach, the vertical ﬂux is
determined by measuring gas concentrations at two or more dif-
ferent heights and recording the horizontal wind speed rather than
both horizontal and vertical wind speeds, thereby simplifying the
measurements required. The vertical ﬂux is calculated as the prod-
uct of a turbulent diffusivity (calculated from measurements of
wind speed and turbulence) and the vertical concentration gradi-
ent (determined from two different heights) or from measure-
ments of the energy exchange at the surface and the vertical
concentrations of the gas, air temperature and humidity [43]. For
good accuracy using ﬂux-gradient methods, it is important to use
common instrumentation for readings of gas concentrations from
different heights [28].
2.1.2.4. Integrated horizontal ﬂux (IHF). This technique is useful for
use in small areas (<1 ha) with a well-deﬁned shape. Proﬁles of
the horizontal wind speed and gas concentrations are made at
the center of the test site [44]. This method allows horizontal
gas ﬂuxes to be measured at heights up to the top of the emitted
plume, assuming that the gas was generated at the surface and
that the horizontal ﬂuxes can be integrated with respect to
height, in order to obtain the vertical ﬂux. IHF techniques ﬁll
the gap between chamber methods and classical micrometeoro-
logical methods, and do not require gas analyzers with a rapid re-
sponse [28].
2.1.2.5. Backward Lagrangian stochastic (bLs) dispersion tech-
nique. This technique is suitable for a small, well-deﬁned source
area and uses a Lagrangian model of air ﬂow to calculate surface
ﬂuxes from the area, using measurements of wind speed, wind
direction and the gas concentration downwind [45]. This tech-
nique can be used for both point and line-averaged concentration
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emissions from treated ﬁelds or intensive animal-production sys-
tems [28].2.1.2.6. Moving platforms. Moving platforms, such as ships [40],
trains [46] and airplanes [47,48], are useful tools in atmospheric
studies. The moving platforms allow measurement in both
horizontal and vertical directions with high spatial and temporal
resolution [49]. Airborne measurements have proved to be partic-
ularly popular [47,50]. These platforms have provided a method to
study the transport dynamics of N2O within the troposphere and
even the stratosphere [47,49,51].
Typically, the eddy-accumulation techniques described above
are employed in these measurements. Samples can be collected
and later analyzed in the laboratory [35,42] or can be monitored
in situ using a fast gas analyzer (response time of milliseconds to
a minute required). Instantaneous wind components are measured
on the moving platform, so the ‘‘true’’ vertical wind speed needs to
be corrected from the platform movements [40]. Instruments em-
ployed in moving platform measurements need to be immune to
vibrations and variable environmental conditions, such as temper-
ature, pressure and humidity [47].3. Analytical techniques currently used
The analytical techniques currently used to measure N2O can be
broken down into three broad groups; chromatographic, opticalTable 1
Comparison of commercially available analytical techniques for measuring N2O
Sensitivity Advantages of technique
Chromatography
Electron 30 ppb LOD Lower cost
Capture Precision: Widely used, allowing easy data comparisons
Detector 0.18–0.4 ppb If linked to IRMS, isotope analysis can be carried out
Optical methods
FTIR Precision: Continuous measurements
0.1 ppb
(1 min)
Lower calibration requirements
0.03 ppb
(10 min)
Broadband spectrum allowing the measurement of mu
spectra can be reanalyzed
Direct detection of isotopomers with the same molecu
Mid IR used at atmospheric pressure
Portable
Laser absorption spectroscopy
Lead Salt Precision:
Lasers <1 ppb in
5 sec
Allows rapid and highly sensitive measurements
Lower interference from other trace gases
Quantum Precision:
Cascade
Lasers
0.05 ppb in
1 Hz
No cryogenic cooling required making lasers more por
Higher power than lead salt lasers giving a higher sign
faster measurements
Can be linked with high ﬁnesse optical cavities such a
Carry out isotopic analysis without pre-concentration
Amperometric
Microsensor 22 ppb LOD
Low cost
Extremely portable
CRDS, Cavity ring-down spectroscopy; ICOS, Integrated cavity-output spectroscopy; IRMand amperometric. Table 1 provides a summary comparing the
three groups.
3.1. Chromatographic techniques
The most widely used analytical method for measuring N2O is
gas chromatography (GC) with an electron-capture detector
(ECD). The low cost of GC methods compared to other analytical
techniques is one of their main advantages [52]. Furthermore, data
collected using GC can be easily compared with the large body of
data collected previously using this technique [13,53–55]. Gener-
ally gas samples are collected from closed chambers. The simplest
method involves the manual collection of samples, which are then
analyzed in the laboratory. However, in recent years, GC instru-
ments have become more portable and automated, allowing them
to run unmanned in the ﬁeld for long periods of time, measuring
samples collected using automatic chambers [56]. GC has also been
utilized in atmospheric monitoring from tall towers [57–59].
ECD techniques rely on using large gas headspace injections
(0.5–5 mL) through packed columns, such as a Porapak Q or Haye-
sep Q. Both water vapor and CO2 can cause inaccuracy; so samples
need to be pre-treated [52,60]. Although calibrations need to be
carried out only approximately once a week, running reference
standards to correct for drift errors is strongly recommended. Gen-
erally, a reference standard is run at a minimum every 3–4 sample
readings. The choice of carrier gas is also important, as the ECD re-
sponse to N2O is enhanced by the presence of contaminants, such
as O2 [52,60]. In general, Ar or N2 with 5% CH4 is the preferredDisadvantages of technique
Non-continuous
Frequent calibration required
Drift means reference needs to be run every 3
samples
[52]
Long run time (5 min)
High cost of instruments
Low brightness of light source
ltiple components and Slower measurements compared to lasers [69,78]
lar mass Analysis of data can be more complicated
Cryogenic cooling required [80]
Narrowband, can only measure a single
species or pair per laser
Low pressure required
Expensive
table Spectral quality not as high as Lead Salt Lasers
al to noise ratio and Narrowband, can only measure a single
species or pair per laser
[49]
s CRDS and ICOS Low pressure required
Expensive
Sensor drift, therefore not suitable for long
term monitoring
[111]
Only dissolved N2O can be measured
S, Isotope-ratio mass spectrometry, LOD, Limit of detection.
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mendations to ensure accuracy in measurements [63]. If the GC is
coupled with a ﬂame-ionization detector (FID), then it is possible
to measure other gases of interest at the same time as CO2, CH4
and CO. CO2 and CO must ﬁrst be catalytically converted to CH4,
prior to analysis with an FID [54,57,64].
Using an ECD, LODs of 30 ppb with a precision of 0.18–0.4 ppb
have been obtained. These LODs can be improved to 18 ppb
through the use of an extractive technique, such as solid-phase
microextraction (SPME) [65]. One of the biggest advantages of GC
is that this method has stood the test of time, having been widely
used by a large number of researchers. The systems can run un-
manned, in remote locations over a number of years and have
proved to be extremely robust [54,57,58].
The major disadvantage of GC techniques is the time taken to
run samples (4–6 mins per sample). This limits the number of
readings that can be taken and can be a major disadvantage when
using accumulation methods, such as chambers [60,64].
If the GC system is linked to an isotope-ratio mass spectrometer
(IRMS), then it is possible to carry out isotopic analysis of N2O
[15,24]. However, IRMS cannot distinguish directly between iso-
mers with identical masses, such as 14N15N16O, 15N14N16O and
14N14N17O. To determine the site-selective isotopic composition,
an indirect approach needs to be taken, whereby the 15N content
of NO+ and N2O+ fragment and molecule ions is measured
[15,21,22]. It should be noted that a recent report of a modiﬁed ele-
mental analyzer coupled to an IRMS allowed the measurement of
the N isotopic ratios of N2O without using GC [66].
While using an IRMS has very good precision and accuracy
(0.05–0.9‰), high-precision measurements require pre-concentra-
tion of air samples. Until recently, the major disadvantage was that
the large size of the instruments prevented their use in the ﬁeld,
but Potter et al. reported signiﬁcant progress in automating instru-
ments that allowed high-frequency in-situ measurements to be
carried out [67].3.2. Optical techniques
The major advantage of optical techniques over chromato-
graphic techniques is their ability to carry out continuous measure-
ments. Spectra can be obtained in a fraction of a second, making
optical techniques ideal methods to measure trace-gas ﬂuxes. Gen-
erally, optical techniques have fewer calibration requirements than
GCmethods [68]. Twomain types of IR spectroscopy are relevant to
the measurement of N2O, namely Fourier-transform infrared spec-
troscopy (FTIR) and laser-absorption spectroscopy [48].
The mid-IR (MIR) region, 4 000 cm1 (2.5 lm)–400 cm1
(25 lm), is the most relevant for measuring N2O [68]. Again, the
strong absorption of water and CO2 can lead to a loss of spectral
information, lowering the sensitivity of optical techniques. A num-
ber of different solutions have been developed, including removing
water vapor and CO2 from the sample before analysis or, alterna-
tively, collecting background and reference spectra with the same
concentration of interferents [69]. Another method involves calcu-
lating the spectra of interfering molecules, such as water, and sub-
tracting them. Databases, such as HITRAN [70] or GEISA [71],
provide the parameters for calculations, and Grifﬁth [72] has
developed a program called MALT (Multiple Atmospheric Layer
Transmission), which calculates theoretical spectra, provided the
path-length, humidity and temperature are known.
A further beneﬁt of optical spectroscopy is the possibility of dis-
criminating between isotopologues with the same molecular mass
(such as 15N14N16O and 14N15N16O). These different isotopes of N2O
have highly characteristic rotational-vibrational transitions that al-
low direct spectral analysis, unlike IRMS [15].IR spectrometers can be operated in either of two main conﬁg-
urations [69,72], namely closed gas cell, where the gas sample is
collected and transported into an IR absorption cell or open-path
cell, where the IR light source is projected over a long path
(10–1 000 m). The beam is collected onto a detector and the spec-
trum reﬂects the composition of the air in the open path [73].
Open-path set-ups are ideal for in-situ continuous monitoring,
but collecting reference samples is extremely difﬁcult and data
analysis is considerably more complicated [69]. Using a closed
gas cell gives lower LODs and the collection of reference and back-
ground spectra is relatively straightforward compared to open-
path FTIR [74].
3.2.1. Fourier-transform infrared spectroscopy
FTIR uses broadband IR radiation from a black-body light source
that covers the entire IR spectrum. The source radiation is modu-
lated by a Michelson interferometer and all optical frequencies
are recorded simultaneously in the measured interferogram. This
allows the measurement of a number of different gas species
simultaneously, including isotopologues. While low-resolution
FTIR spectrometers (1 cm1) can be used to determine total N2O
concentration precisely, high-resolution FTIR measurements
(<0.005 cm1) allow simultaneous quantiﬁcation all isotopomers
of N2O [75]. This makes high-resolution FTIR a complementary ap-
proach to IRMS, requiring no chemical transformation and being
non-destructive [76–78].
LODs of less than 1 ppb are easily achievable using FTIR spec-
troscopy. The LODs can be improved by increasing the spectrum
averaging time. As the averaging time is increased, the signal-to-
noise ratio decreases, lowering the LOD. Precision of 0.1 ppb over
a 1-min averaging time and 0.03 ppb over a 10-min averaging time
have been reported, meeting the GAW requirements for clean-air
measurements [75,79].
FTIR instruments for trace-gas analysis are commercially avail-
able and have become increasingly portable and rugged, making
them suitable for use in the ﬁeld. Calibrations against air standards
are generally carried out either daily or weekly. The instruments
also require a power supply, weather protection and temperature
control.
3.2.2. Infrared laser-absorption spectroscopy
IR laser spectroscopy is the basis of the fastest analyzers for
atmospheric trace-gas-concentration measurements [48]. Unlike
FTIR, where the entire spectrum is measured, in laser spectroscopy
a single wavelength is employed, and usually corresponds to a
single rotational/vibrational line of the target species. The narrow
laser line is tuned over the absorption line of the target species
and the absorption integrated across the line (by either intensity
or ring-down time). Selecting one absorption line gives remarkable
sensitivity, but it also means that only one or two trace gases can
be measured [53,80,81].
The key to designing successful laser-absorption measurements
is to identify a suitable, isolated absorption feature for the target
species. It is important that there is a laser available that is tunable
over the required frequency range. For N2O measurements, around
4 lm is generally used [68]. Given that IR-absorption lines are
broadened by collisions, measurements are typically made at low
pressures (10–60 mm Hg), where the narrow line width of the
absorbing species improves selectivity [53].
3.2.2.1. Lead-salt diode lasers. Lead-salt diode lasers are tradition-
ally used for atmospheric trace-gas monitoring and can be accu-
rately tuned to the wavelength required to measure N2O [80].
The main disadvantage of lead-salt diode lasers is that they are dif-
ﬁcult to work with in the ﬁeld. They operate at temperatures below
100 K and therefore require cryogenic cooling. Generally, liquid
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Furthermore, the operation of the laser requires a higher degree of
operator knowledge and experience than other IR technologies
[68].3.2.2.2. Quantum-cascade lasers (QCLs). Since the ﬁrst demonstra-
tion in 1994 [82] of QCLs, they have proved to be pivotal in the
development of high-precision mid-IR spectroscopic instrumenta-
tion. The ﬁeld of QCLs has been developing at an extremely rapid
rate [49,83,84].
In contrast to conventional semiconductors, QCLs are built by
stacking alternating layers of semiconductors. Photons are gener-
ated by electronic transitions between two excited states in the
conduction band [85]. One electron is able to cause the emission
of multiple photons as it transverses the QCL structure, giving QCLs
higher output powers (mW toW compared with >0.1 mW for lead-
salt lasers) [49,81]. Their method of fabrication also means that
QCLs can also be operated over a wide tuning range (hundreds of
wave numbers) [86].
The higher power of QCLs is extremely useful for a number of
reasons. First, it improves the signal-to-noise ratio of measure-
ments. Second, the high power and spectral purity of QCLs has al-
lowed them to be employed in isotopic analysis [87,88], although a
preconcentration step is required [89,90]. Third, their higher power
levels allow QCLs to be used with high-ﬁnesse optical cavities (see
sub-section 3.2.4 for more detail) [68].
The main attraction of QCLs is their ability to operate at near-
room temperature with minimal drift, thereby avoiding the
requirement for cryogenic cooling. This makes QCLs far more por-
table and suitable for operation in the ﬁeld than cryogenically-
cooled lasers. It is in the area of room-temperature operation that
great advances have been made [49].
Initially, room-temperature operation was obtained using QCLs
in pulsed mode [85,91]. However, recent engineering break-
throughs have allowed QCLs to be operated in continuous-wave
mode without cryogenic cooling but instead use a thermoelectric
temperature control (Peltier cooling) [92]. The ability to operate
QCLs in continuous-wave mode provides higher power and nar-
rower laser line widths in the spectral region where molecular
absorptions are strongest, thereby improving discrimination of
the target species from nearby interfering absorption features.
Pulsed QCLs are generally cheaper and more portable, and that
may lead to them being preferred over continuous-wave lasers
[84,93].
QCLs can be purchased from several companies. A number of
researchers have employed commercial lasers in developing their
own systems to carry out N2O measurements [39,94–99].3.2.3. Multipass cells
The sensitivity of optical techniques can be greatly improved
by increasing the path-length. While samples with high concen-
trations can be measured using a small path-length (10–25 cm),
in order to measure trace gases in the atmosphere, such as N2O,
path-lengths of up to 100 m are required to obtain LODs of the
few parts per billion by volume (ppbv) that are required to
measure N2O ﬂuxes [69]. Multipass cells such as the White
and Herriot multipass are commonly used to obtain long
path-lengths.
While multipass cells improve the sensitivity of the spectrome-
ter, they have a large disadvantage in terms of size, making spec-
trometers bulkier and less suited to use in the ﬁeld. Furthermore,
multipass cells use large-aperture mirrors with aspheric surfaces,
which are costly to produce and extremely sensitive to changes
in alignment, making them less robust and more sensitive to vibra-
tions [68,86].3.2.4. High-ﬁnesse optical cavities
Recently, in an effort to overcome some of the limitations of
multipass cells, a number of different techniques were developed
to perform high-sensitivity absorption spectroscopy using a high-
ﬁnesse optical cavity [48]. High-ﬁnesse optical cavities employ
highly-reﬂective, low-loss dielectric mirrors, which allow a large
amount of light energy to build up in the cavity. The low-loss
dielectric mirrors allow light to leak out of the optical cavity to
characterize the absorption of gas inside the cavity [100].
Using high-ﬁnesse optical cavities, extremely portable, user-
friendly instruments have been developed with an effective path-
length of hundreds of meters in a laptop-sized device [100,101].
Two high-ﬁnesse cavity techniques relevant to N2O measurements
are cavity ring-down spectroscopy (CRDS) and off-axis integrated
cavity-output spectroscopy (OA-ICOS).
3.2.4.1. Cavity ring-down spectroscopy (CRDS). In CRDS, initially, the
laser light is switched on, during which time the intensity of the
light builds due to constructive interference. The laser is then
switched off and the exponential decline in light leaking out of
the cavity is measured. If a species present in the cavity absorbs
the wavelength of the laser light, then the decay will be faster than
if the species is absent, allowing for quantitative analysis. The time
taken for the light to decay to 1/e of the initial intensity is known as
the ring-down time. From the ring-down time, the concentration of
analytes in the cavity can be determined [48,101].
Given that CRDS measures the rate of intensity decay rather
than the absolute intensity of absorption, CRDS has improved sen-
sitivity, and measurements are not affected by ﬂuctuations in laser
intensity, as the ring-down time does not depend on the absolute
amplitude of the laser emission. The disadvantage of CRDS is that
stringent cavity-resonance conditions and high-speed detection
electronics are required [86,102].
3.2.4.2. Off-axis integrated cavity-output spectroscopy (OA-ICOS). In
comparison to CRDS, OA-ICOS or cavity-enhanced absorption spec-
troscopy provides a simpler method to measure absorption
changes. In OA-ICOS, the laser light enters the high-ﬁnesse cavity
at a non-zero angle, generating a high density of transverse cavity
modes [86,101]. The cavity output is measured while tuning the la-
ser over the wavelength range of interest. This means that precise
beam alignment and stringent cavity requirements are not re-
quired. The off-axis arrangement allows a range of incidence con-
ditions to be used and the analyzers are less susceptible to
changes in the alignment of the mirrors, allowing sensors to be
simpler to operate and more robust for operation in the ﬁeld
[86,102,103].
Both CRDS and OA- ICOS methods of detection are commercially
available and these gas analyzers boast sensitivities down to a
precision of 0.05 ppb in 1 Hz. Commercially-available instruments
using high-ﬁnesse cavity spectroscopy are also able to measure
site-speciﬁc 15N isotopomers without any pre-concentration and
with a precision of 1‰.
3.2.5. Photoacoustic (PA) trace-gas detection
A photoacoustic spectrometer (PAS) is made up of a light
source, such as a QCL, a PA cell and a sensitive microphone, which
measures the acoustic waves resulting from the absorption of laser
radiation [83,101,104]. In contrast to other mid-IR absorption tech-
niques, PAS is an indirect technique where the effect on the absorb-
ing medium is detected and not the direct light absorption. The
absorbing medium gives an additional area to introduce selectivity
into the technique, so PAS has an improved selectivity over direct
techniques. The main advantage of PA detection is that it requires a
simpler set-up than instruments, such as multipass cells, making
the set-up potentially more portable. A further attraction of PAS
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tages make it ideal for in-situmeasurement [105,106]. A number of
groups have been working on measuring N2O with a PA QCL spec-
trometer for the detection of N2O and methane where the best
experimentally obtained LOD for N2O at room temperature is
7 ppb [96]. At present, the limiting factor in the sensitivity of PAS
is the laser power, which can be produced at room temperature.
With the rapid advances being made in QCLs, the sensitivity of
PAS should improve [96]. Details of progress in IR PAS techniques
can be found in recent reviews [106,107].
3.3. Amperometric methods
Electrochemical amperometric sensors quantitatively deter-
mine N2O concentrations by measuring the current produced from
the reduction of N2O at an electrode. The main advantages of gas
detection using electrochemical sensing are sensitivity, simplicity,
ease of use and economy of device construction. The low cost of
instruments using this principle is extremely attractive [108]. A
number of researchers have investigated the use of these tech-
niques to measure N2O and other anesthetic gases [109,110].
The most successful electrochemical sensor for measuring dis-
solved N2O is a commercially-available oxygen-insensitive micro-
sensor developed by Andersen et al. [111]. The electrode was
made oxygen insensitive by placing an alkaline ascorbate solution
outside the N2O-sensing transducer to remove oxygen. The elec-
trode has an LOD of 0.5 lM (22 ppb) and a number of different
tip sizes are available down to 20 lm [108,111]. These electro-
chemical sensors have been employed by research scientists to
quantify N2O in soil sediments [112], wastewater-treatment plants
[113] and even thawing permafrost [114], where GC has tradition-
ally been used.
Prolonged exposure to moderately-high N2O leads to sensor
drift so the microsensor should not be used for long-term monitor-
ing [111]. Jenni et al. [115] carried out an important study on the
temperature dependence and interference of NO in N2O measure-
ments. The study details how these effects can be corrected for,
thereby optimizing the use of N2O electrodes.4. New methods under development
4.1. Amperometric biosensors
An amperometric biosensor approach has been attempted using
denitriﬁcation-enzyme nitrous-oxide reductase. In a proof of
concept study, dissolved N2O could be measured over the concen-
tration range 0.1 mM (4.4 ppm)–8 mM (352 ppm) [116]. Interest-
ingly, in the presence of oxygen, the enzyme was still
catalytically active, allowing the measurement of low N2O concen-
trations, but the top of the linear detection range was reduced to
1 mM. While this research is in the very early stages of develop-
ment and the sensitivity obtained is unsuitable for N2O-ﬂux mea-
surements at present, biosensors could prove to be a fruitful
avenue for further work to be carried out.
4.2. Optical ﬁbers
In an attempt to carry out in-situ real-time monitoring of N2O in
workplaces, such as operating theatres, Silva et al. [117] investi-
gated the use of an optical-ﬁber analyzer. The analyzer incorpo-
rated an SPME system where the analyte was adsorbed onto an
optical ﬁber coated with dimethylpolysiloxane where N2O detec-
tion took place. For in-situ analysis, a vacuum pump was used for
air sampling. The optical-ﬁber response time was reported to be
240 s. This response time is faster than that obtained usingSPME-GC-MS, where times of 360 s were obtained. A linear range
of 0.2–1.8 ppb for N2O was reported, but this may be too sensitive
for measurement in working operating theatres where levels have
been found to be signiﬁcantly higher [118]. Given the low detec-
tion range, this approach could be useful for measuring N2O ﬂuxes
from soils as a faster alternative to GC methods.
4.3. Modiﬁed-SnO2 surfaces
Another promising avenue for N2O detection is the use of mod-
iﬁed-SnO2 surfaces with which N2O interacts [119]. Two prototype
sensors have been reported based on mixed potential type [120]
and semiconductor sensors [121]. The prototype sensors were em-
ployed for the detection of N2O in air, and the authors reported
detection of 10–300 ppm N2O at 500 C. These sensors could be
used to detect N2O in the workplace, or possibly used with closed
chambers.
5. Conclusions
A number of different analytical techniques can measure N2O.
Each technique has its own advantages and drawbacks; ultimately,
the choice of which technique to use depends on the speciﬁc user
requirements. In recent years, it became possible to measure
extremely low concentrations of N2O very rapidly – a great ad-
vance in research into understanding N2O transformations and
emissions.
What is crucially missing in N2O measurement is a cheap, eas-
ily-deployable sensor that can collect emission data over a wide
area. Such a sensor would enable a more accurate understanding
of N2O emissions over broad landscapes, rather than just a few iso-
lated studies. Developing such an analytical technique is extremely
challenging and some precision in the sensor may need to be sac-
riﬁced. One of the aims of this review was to focus on the develop-
ment of new techniques to meet these challenges. As researchers
begin to think about new approaches and technologies, it would
be useful to consider this need for broad-scale deployment.
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